final destinations of floor-projected moving geometric shapes.
Our hypotheses were twofold. Following Morikawa (1999) and Dolgov et al. (2005) , we expected participants to experience an AAM bias in judgments of symmetric shapes. Consequently, we hypothesized that judgment error would be predicted by symmetric shapes' axial deviation from trajectory (AAM bias hypothesis). Our secondary hypothesis was motivated by prior research that showed that perceptual biases and illusions frequently disappear when experimental task parameters are changed so that participants perform an active rather than a passive judgment (Carey, 2001; Milner & Goodale, 1992 , 1993 Post & Welch, 1996) . We hypothesized that increased action system engagement would improve performance (action hypothesis).
METHOD Participants
Eight (5 male, 3 female) undergraduates from Arizona State University's psychology subject pool participated and received course credit as compensation. All had normal or corrected-to-normal vision.
Apparatus
The SMALLab uses a network of computers that track lighted objects and provide audiovisual stimuli and feedback for an immersive multimedia classroom environment (Birchfield, Ciufo, & Minyard, 2006) . All of the sensing and feedback hardware (e.g., cameras, IR system, projector, speakers, power and network cables) is mounted on a 5 3 5 3 4 m truss support structure (see Figure 2) .
The visual tracking computer is connected to six digital video cameras (three video, three infrared) and uses a proprietary colorand-infrared tracking algorithm (Jin & Qian, 2007; Jin, Qian, & Rajko, 2006) to locate lighted objects with precision on the order of 2 mm. Visual stimuli are generated on the interaction computer and are projected (NEC VT660, 1,700 lumens) onto a lightly padded white floor by being reflected in a mirror mounted along the top of the truss structure. A proprietary calibration algorithm synchronizes the visual tracking and interaction computers (Jin, Qian, & Birchfield, 2008) to account for any visual distortions. To indicate final destination, participants used a lighted green ball that was 5 cm in diameter and was attached to a small rectangular base that allowed it to rest on the floor without rolling.
Procedure
To enhance tracking and ensure the visibility of the projected shapes and background, direct overhead lighting was slightly dimmed. The experimental environment was projected onto the floor. It consisted of a central ring (3.5-m diameter) that signified the main experimental space in which the stimuli would appear and move, and smaller rings (40-cm diameter) in each of the corners that signified possible observer starting locations (see Figure 3) . Participants observed moving geometric shapes that traveled at 1 m/ sec and were approximately 25 cm long. Two symmetric and two asymmetric shapes (see Figure 4 ) were selected from a collection used by Morikawa (1999) that was originally generated by Farrel and Shepard (1981) and had been further developed by McBeath et al. (1997) .
Each observer starting position (which remained the same within a block) corresponded to a unique quasirandom ordering of the trials, in which each shape was presented six times in a 24-trial block. At the beginning of each trial, a shape appeared at one of the starting locations on the central ring (Points W-Z in Figure 4 ) and moved across the experimental space, disappearing approximately halftion of linearly moving geometric shapes displayed on a 2-D monitor. He found that, when an object's primary axis was established by bilateral symmetry (Experiments 1-3) or elongation (Experiment 5), axial deviation away from trajectory resulted in systematically biased judgments of trajectory (Experiments 1, 3, and 5) and of final destination (Experiment 2). Consistent with Johnstone and Wenderoth (1989) , the opposite was not true, with motion having no effect on perceived orientation (Experiment 3). Furthermore, due to the absence of a primary axis, no systematic perceptual biases were observed for nonelongated asymmetric shapes (Experiments 1, 2, and 5). When motion of symmetric shapes was axis aligned (ecologically consistent), participants made judgments significantly faster (Experiment 4) and more accurately than they did for motion of asymmetric shapes, whose destinations in all experiments were judged significantly more accurately than were those of axis-trajectory misaligned symmetric shapes.
The present study extended the 2-D experimental procedure used by Morikawa (1999) in his second experiment to a novel perceptual setting: the Situated Multimedia Arts Learning Laboratory (SMALLab), an immersive mixedreality environment. We chose the final destination estimation task from Morikawa's second experiment because of his commendation of its ecological validity. In general, our goal was to study the AAM bias in a quasirealistic setting, while retaining the measurement precision offered by technology. The large, immersive nature of the SMALLab environment also allowed us to examine the impact of different judgment methods on participants' accuracyspecifically, by comparing stationary (pointing-based) and active (locomotion-based) methods of judging the puted in MATLAB, using simple trigonometry). To reduce systematic biases due to possible projection and/or measurement error, data were collapsed for each participant by averaging trials in each cell of the fully crossed design.
Error directionality was assessed via a two-factor ANOVA that examined only judgments of symmetric shapes and used signed values of judgment error for the dependent variable. We employed two fully crossed within-subjects factors: judgment method (3: stationary, postmobile, comobile) and axial deviation (3: counterclockwise, 230º; none, 0º: clockwise, 130º). Due to the averaging of positive and negative errors in this analysis, we anticipated judgment method to be insignificant.
The error magnitude analysis quantified performance as a function of two within-subjects factors: judgment method (3: stationary, postmobile, comobile) and shape symmetry type (SST; 3: symmetric, axis-trajectory aligned; asymmetric; and symmetric, axistrajectory misaligned) and used absolute values of judgment error as the dependent measure. We employed one fully crossed ANOVA with several subsequent 3 3 1 ANOVAs and pairwise comparisons (significance was Šidák adjusted throughout) to evaluate the interaction and simple main effects.
RESulTS
Both analyses revealed strong support for the AAM bias hypothesis. The error directionality ANOVA revealed a highly significant effect of axial deviation [F(1.2,9.5) 5 21.6, p , .005]. 3 Participants' errors corresponded to the axial tilt of the shapes across all judgment methods, with observers exhibiting judgment error means of 27.4º, 20.4º, and 7.6º for counterclockwise-deviated, nondeviated (axis-aligned), and clockwise-deviated shapes, respectively. Pairwise comparisons revealed a significant difference in judgment error between clockwise-deviated and nondeviated shapes ( p , .001) and also between the way across the ring (Points A-E in Figure 3 ). Similar to Morikawa's (1999) design, symmetric shapes were presented with axes either aligned to trajectory or deviating from trajectory by 630º; asymmetric shapes were assigned an arbitrary axis and underwent the same transformations. Each shape was presented twice at each axial deviation. In order to minimize memorization of specific trajectories, shape trajectory and shape origin were counterbalanced. Axial deviation was also counterbalanced across trajectories, in such a way that each trajectory was traversed an equal number of counterclockwise, clockwise, and nondeviated shapes. In order to best approximate an ecologically valid pursuit scenario, we limited shape starting location to the two possible starting points adjacent to the participant's starting location.
After the shapes disappeared, the participants judged their projected destinations as if they had continued moving and terminated at the boundary of the central ring. Participants indicated their perceived final destinations by placing the lighted ball at the appropriate spot on the floor. In the active (mobile) conditions, the participants completed this task by themselves; in the stationary condition, the participants used a laser pointer to indicate the perceived destination, at which an experimenter's assistant placed the ball.
Participants completed three 24-trial blocks, one for each experimental condition: (1) stationary, in which participants estimated shapes' destinations using a laser pointer; (2) postmobile, in which participants walked to destinations after the shapes disappeared; and (3) comobile, in which participants walked concurrently with the moving shapes. To avoid shadowing problems with the video projection, participants always performed the comobile condition at Observer Starting Location 3 or 4, at which shadowing was not a problem. Six possible block order sequences were generated, one of which was assigned randomly to a participant at the beginning of the experimental session.
Design
The dependent variable in all analyses was judgment error, measured in degrees of angular deviation of the judgment from the actual final destination of the moving shape along the central ring (com- ally significant in the postmobile condition). This pattern was reversed in the comobile condition, with symmetric misaligned shapes and asymmetric shapes being approximately equal, whereas asymmetric shapes and symmetric aligned shapes were significantly different ( p , .05). Therefore, performance in the stationary and postmobile methods most resembled that in Morikawa. However, Morikawa's observed error magnitude was less than half of what we observed for asymmetric shapes and symmetric aligned shapes in these two conditions. We believe that this discrepancy may reflect an increased difficulty of performing the final destination estimation task in a large immersive mixed-reality environment, as compared with performing the task using a standard monitor. Additionally, Morikawa's participants completed roughly 100 more trials using only one judgment method and therefore may have improved somewhat with practice. Finally, the plane of motion was changed from vertical to horizontal.
In the comobile condition, which is consistent with ecological pursuit behavior, performance was greatly aided by the presence of a bilateral symmetry axis that accurately indicated trajectory. Although this finding was not predicted a priori, it is not surprising when one considers humans' evolutionary need for the pursuit of prey and avoidance of predators, both of which are typically symmetric creatures whose bilateral axis veridically indicates their motion direction. Furthermore, interactions with genuinely asymmetric moving objects or symmetric misaligned moving objects have only recently become more frequent due to the presence of technology. Therefore, it is also not surprising that the visual system is less adept in making trajectory judgments of nonecological shapes (axis misaligned/asymmetric) in an ecologically valid judgment task like that in the comobile condition.
clockwise-and counterclockwise-deviated shapes ( p , .005). As we predicted for this analysis, there was no effect of judgment method [F(2,14) 5 1.5, n.s.] due to the averaging of positive and negative judgment error values; means were 0.9º, 0.2º, and 21.3º for the stationary, postmobile, and comobile conditions, respectively. The interaction also was not significant [F(4,32) 5 1.6, n.s.].
In further support of the AAM bias hypothesis, the error magnitude analysis revealed a highly significant main effect of SST [F(1.1, 8.0) 5 24.7, p , .001 ]. 4 However, there was also a significant interaction between SST and judgment method [F(4,28) 5 2.8, p , .05] (see Figure 5) . We explored the interaction by examining the simple main effects of SST by conducting 3 3 1 ANOVAs at each level of judgment method. We found a significant effect of SST in each judgment method [stationary, F(2,14) Judgments of symmetric aligned shapes were significantly more accurate than were those of symmetric misaligned shapes ( ps , .05) across all judgment methods, thus supporting the AAM bias hypothesis. In the stationary and postmobile conditions, the results mirrored those of Morikawa (1999) : Symmetric misaligned shapes and asymmetric shapes were significantly different ( ps , .01), whereas asymmetric shapes and symmetric aligned shapes were not (although the difference was margin- significance ( p , .06, p , .15), suggesting an overall contribution of action beyond that of proximity using the comobile judgment method for symmetric shapes. Furthermore, a similar pattern is also present when we compare performance between the stationary and postmobile judgment methods, where there are no potential contributions of proximity. For asymmetric shapes, the difference was less than half of a degree and was not significant. For symmetric aligned and misaligned shapes, the differences were 1.5º and 2.4º, respectively, and both approached significance ( ps , .1). Altogether, the action hypothesis was strongly supported only for the juxtaposition of stationary and comobile judgment methods, although there is evidence that overall increased engagement does ameliorate the bias for symmetric shapes.
Although we currently cannot draw general conclusions about the action hypothesis, our results exhibit a pattern consistent with those of prior research, which shows that active perceptual judgment tasks are less susceptible to illusions than are tasks that are passive and are typically thought of as purely perceptual (e.g., Carey, 2001; Post & Welch, 1996) . Such findings are not surprising in light of the fact that humans evolved as active, mobile creatures and employ a variety of navigation (Gibson, 1966 (Gibson, , 1979 and interception (Sugar, McBeath, & Wang, 2006) strategies. We plan to empirically assess the use of pursuit Although we observed a highly significant effect of judgment method [F(2,14) 5 14.7, p , .001] , in order to correctly evaluate the action hypothesis, we explored the simple main effects. We conducted three 3 3 1 ANOVAs, one at each level of SST. We found a significant effect of judgment method at all levels [symmetric misaligned, F(2,14) 5 10.8, p , .005; asymmetric, F(2,14) 5 4.2, p , .05; symmetric aligned, F(2,14) 5 14.1, p , .001] . For symmetric shapes, regardless of axis-trajectory alignment, pairwise comparisons revealed that accuracy using the comobile judgment method was significantly improved over that using the stationary judgment method ( p , .01), whereas the difference just approached significance for asymmetric shapes ( p , .1).
The improved accuracy observed in the more active judgment methods likely is due to an overall increase in engagement of the perception-action system, with the comobile method also benefiting from proximity to target. We can estimate the overall contribution of proximity by looking at the difference in performance between the postmobile and comobile conditions in judgments of asymmetric shapes, judgments that are not affected by AAM bias. This difference amounts to 2º and is not significant in a pairwise comparison. On the other hand, the differences for symmetric aligned and misaligned shapes were 2.4º and 3.4º, respectively, and both approached statistical strategies in making final destination judgments by recording trajectories of both participants and targets using a marker-based Vicon motion-capture system in an upcoming large-scale, real-world experiment.
DISCuSSION
This study confirmed that people experience an AAM bias when judging final destinations of floor-projected moving geometric shapes in a large, immersive mixedreality environment. Although the term bias typically implies a phenomenon that always entails some perceptual disadvantage, the AAM bias is actually a mixed blessing whose true impact depends on axis-trajectory alignment. When the axis of a moving symmetric shape is misaligned with respect to its trajectory, observers' judgments of final destination are biased by axial deviation. However, in the ecologically consistent case, when the axis is aligned with its trajectory, an AAM bias works to the observers' advantage. Additionally, we have shown that engaging the action system may ameliorate the impact of AAM bias, a finding consistent with prior object motion perception literature that compares stationary and active judgment methods (e.g., Oberle, Hollums, McBeath, & Terry, 2006) . Shepard (1987 Shepard ( , 1994 pointed out that psychological mechanisms are perceptual-cognitive reflections of highly reliable natural regularities in the physical world. If life forms have tended to exhibit AAM throughout the bulk of evolutionary history (which is highly likely, given the skeletal structure of once animate fossils), having an AAM bias would have been ecologically advantageous for any mobile animal. A simple mechanism that improves an organism's interceptive/avoidance abilities increases its Darwinian fitness and would therefore favor its being naturally selected. Regardless of its origins, the pragmatic realization of AAM bias is an often advantageous predictive mechanism for judging the trajectory of moving objects with a salient primary axis. We conclude that although the AAM bias is a two-edged sword, it is generally a beneficial perceptual mechanism for quickly and accurately judging the direction of the ecologically consistent moving entities that populate our environment.
